In two experiments, while event-related potentials (ERPs) were recorded, participants named picture targets that were preceded by masked word primes that corresponded either to the name of the picture target or to an unrelated picture name. Experiment 1 showed significant priming effects in the ERP waveforms, free from articulator artifact, starting as early as 200 msec post target onset. Possible loci of these priming effects were proposed within the framework of generic interactive activation models of word recognition and picture naming. These were grouped into three main components: object-specific structural representations, amodal semantic representations, and word-specific phonological and articulatory representations. Experiment 2 provided an initial test of the possible role of each of these components by comparing within-language repetition priming with priming from translation equivalents in bilingual participants. The early and widespread effects of noncognate translation primes in L1 on picture naming in L2 point to object-specific and amodal semantic representations as the principal loci of priming effects obtained with masked word primes and picture targets.
Over the past two decades, masked priming has been applied extensively in the study of the basic mechanisms involved in letter and word perception (Forster & Davis, 1984; Jacobs & Grainger, 1991; Segui & Grainger, 1990) . Forster (1998) summarized the advantages of the masked priming technique as compared with the more conventional priming techniques that use longer prime durations and with the standard across-item comparisons that do not involve priming. Priming manipulations allow the experimenter to control for many of the confounds present in direct comparisons of different categories of stimuli, and masked priming limits the use of strategies that might develop when primes are visible and participants are aware of the priming manipulation.
Although the masked priming technique has been less extensively applied in related fields of research (e.g., object and face recognition), the methodological advantages are the same and deserve to be more fully exploited. Furthermore, the combination of different types of stimuli in the prime and target position (cross-domain priming; e.g., with words and pictures) opens up a vast perspective for research exploring the precise nature of the information processing that subtends the recognition of a particular type of stimulus (within-domain processing). In one of the first studies to apply masked priming across domains, Ferrand, Grainger, and Segui (1994) used word stimuli as primes and pictures of objects as targets in a picturenaming study (for a more recent application of this paradigm, see . Ferrand et al. found robust facilitation from primes that were the object's name, as compared with that from different-name primes, and this facilitatory priming was of the same magnitude for target objects with either low-or high-frequency names. These results therefore suggest that picture naming recruits representations that are activated by briefly presented, pattern-masked word stimuli. Among the possible candidates for such cross-domain interactions are amodal semantic representations and phonological representations that correspond to the name of the target picture.
Since the picture-naming task is one of the most popular behavioral measures of single-word production ( Levelt, Roelofs, & Meyer, 1999) , the results of Ferrand et al.'s (1994) study point to a potential application of this methodology in the study of language production. The present study builds on Ferrand et al.'s pioneering work in combining masked priming and picture naming and adds the recording of event-related potentials (ERPs). Previous studies using ERPs in the masked priming paradigm have demonstrated that this technique can provide valuable additional information about the relative timing of the underlying processes (e.g., . response times (RTs) during picture naming tend to be relatively long, especially as compared with those during word naming (see, e.g., Ferrand et al., 1994) , suggesting that ERP measurement up to the point of articulation might be obtained prior to the onset of articulator artifact.
In the first experiment, we manipulated the relationship between prime words and target pictures, so that primes could be either the name of the upcoming picture or the name of a totally unrelated picture (taken from another related trial). ERPs were time locked to target-picture onset, and naming responses to target pictures were monitored. Experiment 1 therefore provides an initial investigation of primed picture naming with ERP recordings. In the Discussion section of Experiment 1, we provide a preliminary attempt at interpreting the different ERP components found to be modulated by priming. This interpretation is presented within the framework of a generic interactive activation account of visual word recognition (McClelland & Rumelhart, 1981) and picture naming (Dell, 1986) . Experiment 2 then provides a first test of this proposal using bilingual participants tested with primes presented in either L1 or L2 and pictures named in either L1 or L2. Testing bilingual participants will allow us to further separate the contribution of form and meaning representations in driving repetition priming effects by contrasting within-language repetition and between-language translation priming with noncognate translations (i.e., translation equivalents with minimal form overlap).
EXPERIMENT 1 Method
Participants. Twenty-four participants (12 female; age range 5 18-22 years, M 5 19.7) were recruited from Tufts University and compensated for their time. All were right-handed native speakers of English with no exposure to languages other than English before the age of seven.
Design and Stimuli. The stimuli for the study consisted of prime-target pairs of words (primes) and pictures of common objects (targets). Targets were single-object color images selected on the basis of a picture rating study in which 24 participants named a pool of 300 pictures. The most common single-word name for each object was selected and formed the name used as the prime in the present experiment. Fifty critical trials contained a target picture preceded by a prime word that was the name of the object depicted (related condition), and another 50 trials contained unrelated prime words and target objects (unrelated condition). The 100 critical trials were randomly mixed with 200 filler trials. The filler trials consisted of unrelated prime words and picture targets. Each prime and target item was rotated through the related and unrelated conditions across participants. This scheme ensured that all items would occur in all conditions an equal number of times, but that no participant would see any item more than once.
Procedure. After providing informed consent, participants were fitted with an electrode cap and seated in a comfortable armchair in a sound-attenuated room with dimmed lighting. They then completed the training session before performing the main experiment. Each trial of the main experiment consisted of a 500-msec fixation cross that was replaced in rapid succession by a 200-msec forwardpatterned mask, a 70-msec 1 prime word, a backward mask (average duration of 50 msec), a 200-msec target picture, a blank-screen interval (at least 900 msec, but no longer than the verbal naming response), and a 1,000-msec period for blinking (see Figure 1 ). Participants were instructed to say aloud the name of the object shown , isolated letters (Petit, Midgley, Holcomb, & Grainger, 2006) , pictures of objects (Eddy, Schmid, & Holcomb, 2006) , and faces (Henson, Mouchlianitis, Matthews, & Kouider, 2008) . All of these studies have shown priming effects in the classic N400 time window, probably linked to the semantic processing of each of these different types of stimuli. These studies have also highlighted a number of earlier ERP components that are likely related to early visual and later form-based processing. For example, the word priming experiments of Grainger (2006, 2007) revealed a component peaking at around 250 msec post target onset that was sensitive to their priming manipulation and was thought to reflect processing involved in mapping prelexical form representations onto whole-word form representations.
Nearly all of the prior research using ERPs to investigate speech production has avoided using explicit production tasks such as picture naming. Instead participants would be requested to covertly name picture targets, with a manual response being the main task, or to delay their naming response until after the manual response. The manual response task could require classifying the picture as belonging to a given semantic category or not (semantic task) or could require responding on the basis of some phonological property of the picture name (phonological task). In three studies using this general approach (Rodriguez-Fornells, Schmitt, Kutas, & Münte, 2002; Schmitt, Münte, & Kutas, 2000; van Turennout, Hagoort, & Brown, 1997) , the ERP data (N200 and LRP latencies) showed evidence for early semantic processing of picture stimuli followed by phonological encoding, as predicted. However, the use of ERPs generated by a manual response is a rather indirect way of investigating basic processes in picture naming. Recent research has nevertheless demonstrated the feasibility of combining ERPs with a normal picture-naming procedure (Christoffels, Firk, & Schiller, 2007; Verhoef, Roelofs, & Chwilla, 2009 ). The present study provides a further test of the utility of combining picture naming and ERP recordings while adding a masked priming component to this general procedure.
The Present Study
The two experiments reported here extend previous masked priming studies using ERPs (e.g., Eddy et al., 2006; Midgley, Holcomb, & Grainger, 2009 ) to a cross-domain situation with word primes and picture targets. As is commonly the case in behavioral research, participants had to say aloud the name of the picture target (i.e., picture naming). The primary goal of the first experiment was to test the feasibility of using an immediate naming task in an ERP paradigm. As mentioned above, previous studies using naming with ERPs have generally used either covert naming or delayed naming (with participants naming the word after a delay of about 1 sec) because ERPs are easily distorted by any movement of muscles in the head and face area (Koester & Schiller, 2008; Tremblay, Schiller, & Gracco, 2008) . This makes it almost impossible to obtain clean, artifactfree data while speech is occurring. However, average sures used the Greenhouse-Geisser (1959) correction. All analyses yielding significant effects ( p , .05) are reported, with the exception of main effects of distributional variables (i.e., laterality and anterior-posterior). The dependent measures in our ERP analyses were the mean amplitude measurements in three consecutive time windows: 200-300 msec, 300-500 msec, and 500-700 msec. In our previous work, these windows were used to assess activity in the N250/N300, the N400, and the post-N400 epochs (e.g., Eddy et al., 2006; . Finally, to determine whether the activity in the three measurement windows was due to different configurations of neural generators (i.e., different ERP components), we also ran a distributional ANOVA on priming effects. The data for this analysis were calculated from difference waves (unrelated 2 related) and contrasted the three temporal measurement epochs (200-300 msec vs. 300-500 msec vs. 500-700 msec). The distribution analysis was performed on raw mean amplitude values, as well as on amplitudes normalized separately within each in the picture (overt picture naming) as soon as they knew it. Accuracy was stressed before speed in this experiment, since we did not want to encourage rapid articulatory onset.
Training session. In many picture-naming studies, a training phase is used in order to increase name agreement across participants and encourage fluent responding. In the present study, participants were trained by viewing the object name, followed by a picture of the item, and followed by the object name again. Participants were also asked to say the name of the pictured object aloud. The picture names were those selected on the basis of the picture rating study described above. Both pictures and words were formatted to reduce perceptual overlap between the training phase and the experimental phase as much as possible: Pictures appeared in black and white in the training phase and in full color during the experimental phase; words were displayed in uppercase Times New Roman letters in the training phase and in lowercase Arial letters in the experimental phase.
ERP procedures. Electroencephalograms (EEGs) were collected using 32-channel caps (Electro-cap International), in which tin electrodes were arranged using the standard International 10-20 system (see Figure 2) . One electrode was placed beside the left eye and one below the right eye to monitor for blinks and saccades. Two electrodes were placed behind the two ears on the mastoid bone: The left mastoid site (A1) was used as an online reference for all electrodes, and the right mastoid site (A2) was recorded to evaluate differential mastoid activity (there was none that differentially affected any of the conditions). Impedance was measured at less than 2 kΩ for the scalp and mastoid electrode sites and at less than 10 kΩ for both eye channels. The EEG was amplified using an SA Bioamplifier (SA Instruments, San Diego) operating on a band pass of 0.01-40 Hz. The digitizing computer continuously sampled the EEG at a rate of 200 Hz, while the stimulus computer simultaneously issued stimuli to the participant's monitor.
Data analysis. ERP data from a representative subarray of the full 28-channel scalp montage was used for analysis. This included 15 sites extending from the front to the back of the head, as well as over left-hemisphere, center, and right-hemisphere locations (see Figure 2 ). We have used this approach to ERP data analysis successfully in a number of previous studies (e.g., Grainger, Kiyonaga, & Holcomb, 2006) and find it to be the best compromise between simplicity of design (a single ANOVA can be used in each analysis epoch) and full description of the distribution of effects. All data were analyzed in a multifactor repeated measures design with factors of prime-target relatedness (related or unrelated) and additional scalp distribution factors of electrode laterality (left, center, or right) and anterior-to-posterior electrode placement (FP, front polar; F, frontal; C, central; P, parietal; or O, occipital). All repeated mea- 
Results
ERP results. The ERPs time-locked to picture targets from the 15 representative scalp sites used in the analyses reported below are plotted in Figure 3 . The graphs are terminated at 700 msec because, shortly after this point, artime window (Rösler, Pütz, Friederici, & Hahne, 1993) . Evidence for different components is supported by significant interactions between scalp-site variables (anterior-posterior and/or laterality) and measurement windows (epochs). For behavioral data, we analyzed the latency of picture naming on correct trials and the percentage of naming errors. Related Unrelated following two epochs, lasting at least 700 msec. Importantly, there was little evidence of artifact due to the overt naming response prior to 700 msec. In the time window up to 700 msec post target onset, there was evidence for three distinct components, each affected by our priming manipulation. This conclusion is supported by examination of the ERPs and scalp maps (Figures 3 and 7A , respectively), as well as by distributional analyses, which contrasted priming effects (from difference waves) across the three time epochs. There were significant differences in the distribution of priming as a function of time epoch. The first of these components, which was more negative for unrelated targets, peaked just after 200 msec post target onset and had an anterior distribution that was slightly larger over the right hemisphere. The second, which was also more negative for unrelated targets, peaked around 400 msec post target onset and had a more central distribution. The final component, also more negative for unrelated targets, peaked around 550 msec post target onset and was widely distributed and slightly larger over the left hemisphere. The results of this first experiment suggest that picture naming and masked priming can be successfully combined with ERP recordings and used to explore the time course of word-picture interactions. These wordpicture interactions should help to define the nature of the component processes involved in naming pictures of objects and to specify their relative time course. Figure 4 provides a tentative outline of these component processes and their possible interactions. The visual word recognition part of Figure 4 is taken from the bimodal interactive activation (BIA) model (Diependaele, Ziegler, & Grainger, in press; Grainger, Diependaele, Spinelli, Ferrand, & Farioli, 2003; Grainger & Ziegler, 2007; . Visual features map onto prelexical orthographic representations (not shown), which then map onto whole-word orthographic representations (O words) along the direct pathway to semantics and onto wholeword phonological representations (P words). (For the sake of simplicity, the prelexical mapping of orthography to phonology in the BIA model is not shown.) With regard to picture stimuli, visual features are extracted from picture stimuli and send activation on to higher-order visual representations that in turn map onto structural representations of objects (obj-reps), which then map onto semantics (e.g., Biederman, 1987) . Following a now-standard account of picture naming, semantic activation leads to activation in whole-word phonological forms or lexemes (the picture name), and from there onto phonological segments, which in turn spread activation onto articulatory output representations. In order to keep matters as simple as possible, the process of grammatical encoding and the hypothesized role of lemma representations in certain models of speech production will not be discussed here (for a similar approach, see Finkbeiner, Gollan, & Caramazza, 2006; Knobel, Finkbeiner, & Caramazza, 2008) .
Within the theoretical framework outlined in Figure 4 , there are at least five possible sources of the effects of word primes on picture naming seen in the ERP waveforms of Experiment 1: (1) Structural representations of tifacts from the earliest target naming responses started to contaminate the ERPs. It is important to point out that, in previous ERP masked priming studies, all of the reported effects occurred prior to 700 msec, so it is likely that little of importance is being missed here. The voltage maps resulting from subtracting the related target ERPs from the unrelated target ERPs (i.e., the priming effect) computed from all 28 scalp sites for each of the three analysis epoch ranges are plotted in Figure 7A .
In the first epoch (200-to 300-msec window), target pictures were significantly more negative-going when the immediately preceding prime word was unrelated to the target than when the prime word was the name of the picture [F(1,23) 5 10.26, p 5 .0039]. This trend was more apparent at midline sites [F(2,46) 5 3.8, p 5 .0298] (see Figure 3 ).
In the second epoch (the 300-to 500-msec window), there were main effects of relatedness [F(1,23) 5 15.67, p 5 .0006], with unrelated targets producing greater negativity than related targets, but this effect differed across the scalp, being larger at midline sites toward the front of the head [F(8,184) 
In the final epoch (the 500-to 700-msec window), there was again a relatedness 3 anterior-posterior 3 laterality interaction [F(8,184) 5 2.38, p , .0181], which indicated a more anterior priming effect (see Figures 3 and 7A) .
Distributional analyses. In contrasts of the priming effect (unrelated 2 related) across the three measurement windows, there were significant anterior-posterior 3 laterality 3 epoch interactions both for the raw mean amplitude values [F(16,368) Behavioral results. Incorrect responses, false starts, and hesitations were counted as errors. An ANOVA performed on participants' naming accuracy showed a main effect of relatedness [F(1,23) 5 7.283, p 5 .013]. Pictures that were unrelated to the preceding prime word were named less accurately than were pictures following related primes. A similar pattern was obtained with naming latency (for correct responses); pictures related to the prior word were named significantly faster than were pictures following unrelated prime words [F(1,19) 5 49.159, p , .001] (see Table 1 ).
Discussion
The results of Experiment 1 revealed robust crossdomain priming starting as early as 200 msec, with masked prime words of 70 msec in duration rapidly followed by target objects. This priming effect continued through the (3) is removed, since these will now differ across prime and target. In a similar vein, Experiment 2 will allow us to test an alternative interpretation of the early priming effect, seen in Experiment 1 as reflecting the detection of a mismatch between the word prime and the picture name.
EXPERIMENT 2
In this experiment, bilingual participants were presented with pictures of common objects (e.g., a truck) and were instructed to name them in their L1 (English; Experiment 2A) or their L2 (French; Experiment 2B). Following the procedure of Experiment 1, pictures were preceded by a brief presentation of a prime word (70 msec) that was pattern masked by both forward-(a row of hash marks) and backward-(a row of consonant strings) masking stimuli. In each subexperiment, 50% of the prime words were in English (L1), and 50% were in French (L2). Primes were either the name (in English or French) of the object in the following target picture (related) or were the name (in English or French) of a different, unpresented picture (unrelated). When primes were in the nontarget language, related primes were noncognate translations of the picture name (i.e., translation equivalents with minimal form overlap). On the basis of our interpretation of the priming effects found in Experiment 1, we expect to see a similar pattern of effects for within-language repetition priming and across-language translation priming up to and including the N400 time window. The only factor that should modify priming in these time windows is the relative speed of processing of L1 and L2 prime words. On the other hand, any word-specific priming (phonological and/or articulatory) should be affected by whether or not the prime word is in the same language as that used to name the picture.
Method
Participants. Sixteen university students (15 female) with an average age of 20 years (range 5 18-22) participated in Experiments 2A and 2B. All were right-handed native speakers of English who were learning French as a second language. They all had normal or corrected-to-normal vision and no history of neurological insult or language disability. Participants' proficiency in L2 (French) was assessed by three measures: (1) a post-ERP-session translation task; (2) a language proficiency questionnaire that asked participants to evaluate their own skill at speaking, reading, writing, and understandobjects (obj-reps) that are activated by word primes via feedback from semantics (S units), or possibly directly by word representations (the dotted line in Figure 4) ; (2) semantic representations (S units) shared by word and picture stimuli (under the assumption that picture naming necessarily involves activation of semantics); (3a) lexical phonological representations (P words) involved in picture naming and activated by word primes; (3b) phonological segments (P units) involved in picture naming and activated by word primes; and (3c) articulatory output representations (A units) required for speech output and possibly activated by word primes.
In the analysis above, the possible loci have been simplified by regrouping the last three components into a single "phonological/articulatory" component. This simplification gives three main sources for our priming effects: object-specific form representations, amodal semantic representations, and word-specific (phonological/ articulatory) representations. We would tentatively associate the earliest effects seen in Experiment 1 (the priming effect just after 200 msec post target onset) as reflecting preactivation of structural representations of pictures by word primes. This effect may correspond to a component seen in prior research, in which both primes and targets were picture stimuli, the N300 (Eddy et al., 2006) . The fact that prime exposures were slightly longer than in Eddy et al.'s study might explain the earlier onset of this effect and the broader scalp distribution seen in Experiment 1. Within the framework of this tentative interpretation, the second priming effect (seen between 300 and 500 msec) would be on the N400 component and would reflect activation in semantic representations shared by word and picture stimuli. Here, related prime stimuli are thought to facilitate the mapping from semantic representations onto phonological word forms. Semantic effects can logically only follow effects tied to activation of structural object representations. Finally, the third priming effect seen in the 500-to 700-msec time window would be driven by phonological and/or articulatory representations required to produce the picture name.
Experiment 2 will allow us to test the possible role of word-specific phonological/articulatory representations in the priming effects found in Experiment 1. When we prime picture targets with their translation equivalents, the role of structural and semantic representations (1 and 2) remains intact, whereas the role of phonological and ar- Picture naming minimally requires activation of a structural representation of the to-be-named object (obj-reps), followed by semantic activation (S units), and followed by lexical phonology (P words), phonological segments (P units), and articulatory output codes (A units).
language and prime-target relatedness, we followed the omnibus ANOVA up with separate analyses for each prime language (i.e., one for targets with English primes and one for targets with French primes). The same measurement windows used in Experiment 1 were used in Experiment 2 (i.e., 200-300 msec, 300-500 msec, and 500-700 msec). In a separate set of analyses, wme also directly compared the ERPs from trials with target pictures preceded by unrelated primes in the same language as the naming task (no-switch trials) with those from trials with target pictures preceded by unrelated primes in the other language (language-switch trials). For behavioral data, we analyzed the percentage of naming errors and the latency of picture naming on correct trials.
Results: Experiment 2A
ERP results. The ERPs from 15 representative scalp sites time-locked to target picture onset are plotted in Figures 5 and 6. Figure 5 shows ERPs time-locked to target pictures preceded by English prime words that are either unrelated to the target picture (L1-L1-unrelated) or are the picture name in English (L1-L1-related). Figure 6 shows ERPs time-locked to the same target pictures preceded by either unrelated French prime words (L2-L1-unrelated) or the picture name in French (L2-L1-related). The voltage maps resulting from subtracting the related-target ERPs from the unrelated-target ERPs in the L1-L1 (top) and L2-L1 (bottom) conditions are plotted in Figure 7B .
In the 200-to 300-msec window, the omnibus ANOVA revealed a significant prime language 3 relatedness 3 laterality interaction [F(2,30) 5 3.94, p 5 .03]. To better understand this interaction, we ran separate followup analyses on the English and French prime conditions. These analyses revealed that target pictures following English prime words were significantly more negativegoing when the prime word was unrelated to the target picture than when the prime word was the name of the picture. This trend was especially apparent at central and right-hemisphere sites [F(2,30) 5 3.79, p 5 .034] (see Figure 5 ). There were no comparable priming effects for target pictures following French primes (all ps . .6) (see Figure 6 ).
In the 300-to 500-msec window, the omnibus ANOVA revealed robust priming effects [F(1,15) Table 2 , where a 7 represents perfect competence and a 0 represents no competence. Comparisons between L1 and L2 were significantly different at the level of p , .001.
Design and Stimuli. The stimuli for this study consisted of word-picture pairs. Pictures were to be named in either English (L1) or French (L2) in two separate blocks (analyzed separately). A prime could be either a word from the same language as the target-naming task or a word from the other language, and could be either a related word (within-language repetition or noncognate translation) or the name of an unrelated object from another trial (see Table 3 ; note that related trials could be either within-language repetition primes or between-language translation primes as a function of their combination with the response language). Four experimental lists were created for each language's naming block (English, Experiment 2A; French, Experiment 2B), so that each individual word and picture appeared in each possible trial type in an equal number of participants and no word or picture appeared more than once in the same language block for any individual participant. There were 50 items per condition in each list. Pictures were taken from the same cohort as those used in Experiment 1. Prime words for a given picture in the two languages were range-matched as closely as possible on length, frequency, and concreteness, and individual primes were chosen to avoid diacritics, cognates, and faux amis. Each trial consisted of a 200-msec forwardpatterned mask and was followed by a 70-msec presentation of the prime. The prime was immediately followed by a backward mask with a mean duration of 50 msec, a 300-msec presentation of the target object, and a 2,900-msec intertrial interval. The intertrial interval consisted of 900 msec of black space and a 2,000-msec blink stimulus (signaling that it was permissible to blink).
Procedure. This was the same as in Experiment 1, with the exception that the training sequence was repeated until participants felt they could comfortably name most objects without excessive delay. This was to ensure accurate picture naming in L2. Participants averaged two passes through the training sequence. The experiment was divided into two blocks, with all pictures named in English in one block and in French in the other block. Prime-word language varied from trial to trial within each block. The training sequence was conducted in L1 just prior to the English picture-naming ERP experiment (2A) and in L2 just prior to the French picture-naming ERP experiment (2B). During the experimental phase, participants were asked to name the objects pictured on a computer in their L1 (English) in Experiment 2A or their L2 (French) in Experiment 2B.
Half of the participants were tested in their L1 and then in their L2, and the other half were tested in the opposite order.
Data analysis. All of the data were analyzed in a multifactor repeated measures design that included factors of prime language (L1, English; L2, French) and prime-target relatedness (related or unrelated). The results of each subexperiment were analyzed separately. As in Experiment 1, additional distributional factors of electrode laterality (left, center, or right) and anterior-to-posterior electrode placement (FP, F, C, P, or O) were included in the analyses of ERP data. When there were significant interactions between prime 2.46, p 5 .0018]. Follow-up analyses contrasting the early and middle windows and the middle and late windows revealed this same significant interaction (all ps , .03). Language-switch effects. There were no significant switch effects in any of the analysis windows in this experiment.
Distributional analyses. In contrasts of the priming effect (unrelated 2 related) across the three measurement windows, there were significant anterior-posterior 3 laterality 3 epoch interactions for both the raw mean amplitude values [F(16,240) and a significant relatedness 3 language 3 anteriorposterior 3 laterality interaction [F(8,120) The omnibus ANOVA in the 300-to 500-msec epoch produced a significant main effect of relatedness [F(1,15) 5 9.14, p 5 .0085] and a relatedness 3 anterior-posterior 3 laterality interaction [F(8,120 ) 5 2.58, p 5 .0125], but no relatedness 3 language interaction. Because this latter interaction was not significant, we did not conduct separate prime-language follow-up analyses, although it is clear from Figures 8 and 9 that both prime languages produced clear priming effects in this epoch (i.e., targets following unrelated primes were more negative than targets following related primes).
The omnibus ANOVA in the 500-to 700-msec window revealed a prime language 3 relatedness 3 anteriorposterior 3 laterality interaction [F(8,120) 5 2.57, p 5 .0126]. English prime follow-up analyses revealed a significant relatedness 3 anterior-posterior interaction [F(4,60) 5 4.68, p 5 .0024], with target pictures following English primes producing a more negative-going response at anterior sites in the unrelated condition but a more negative-going response at posterior sites in the related condition. In the French prime follow-up analyses, there was a relatedness 3 anterior-posterior 3 laterality interaction [F(8,120 ) 5 4.01, p 5 .0003]. Target pictures preceded by French primes produced a more negativegoing response in the unrelated than in the related condition, especially at anterior and left-hemisphere sites.
Distributional analyses. In contrasts of the priming effect (unrelated 2 related) across the three measurement windows, there were significant anterior-posterior 3 laterality 3 epoch interactions for both the raw mean amplitude values [F(16,240) Language-switch effects. We also contrasted target pictures preceded by unrelated English and unrelated French words (switch and no-switch trials). In the early window (200-300 msec), there was a significant main effect of switch [F(1,15) 5 19.05, p 5 .0006], with targets following a prime in French (no switch) producing a more positive-going response than targets following a word in English (switch) (see Figure 10 ). There were no switch effects in the middle window, but there was a significant switch 3 anterior-posterior 3 laterality interaction for Behavioral results. Due to equipment malfunction, the naming data from 1 participant were not available. The average naming accuracy and naming latency from the remaining 15 participants for both prime languages and for related and unrelated prime-target pairs are listed in Table 4 . Repeated measure ANOVAs were conducted with prime-target relatedness and prime language as withinparticipants factors. Targets with English primes were named more accurately than were targets with French primes [F(1,15) 
Results: Experiment 2B
ERP results. Figure 8 shows ERPs time-locked to target pictures preceded by French prime words that are either unrelated to the target picture (L2-L2-unrelated) or are the picture name in French (L2-L2-related). Figure 9 shows ERPs to the same target pictures preceded by either unrelated English prime words (L1-L2-unrelated) or the picture name in English (L1-L2-related). The voltage maps resulting from subtracting the related-target ERPs from the unrelated-target ERPs in the L2-L2 (top) and L1-L2 (bottom) conditions are plotted in Figure 7C .
In the 200-to 300-msec epoch, the omnibus ANOVA produced a significant relatedness 3 anterior-posterior 3 laterality interaction [F(8,120) Table 5 ). Targets preceded by related primes were named more accurately than were targets preceded by unrelated primes, showing a main effect of relatedness [F(1,15) The latter effect appears to be due to a larger positivity on switch trials at central and posterior sites but a larger negativity at right-hemisphere anterior sites. Behavioral results. When participants were asked to name pictures in French (L2), they named targets with French primes more accurately than they did targets with English primes, showing a main effect of language Table 5 ).
Discussion
As in Experiment 1, there were robust effects of wordpicture priming. Masked prime words differentially mod- Finally, when pictures were named in French and primes were French words (L2-L2), the early frontal priming effect seen in Experiment 1, as well as in the L1-L1 and L1-L2 conditions of Experiment 2, took the form of a reversed priming effect. Our tentative interpretation of this pattern is that it reflects a complex interaction between the effects of masked primes and effects that are driven by mechanisms specific to picture naming in L2. One mechanism that has been proposed to be specific to picture naming in L2 is the active suppression of L1 lexical representations (Green, 1998; Meuter & Allport, 1999) . This suppression mechanism is part of a standard account of switch costs in bilingual language production, such that naming a picture in L2 slows naming of the same picture in L1 on the following trial (e.g., Costa & Santesteban, 2004) . In the present study, we found an effect of language switching (prime in same language as the target naming language, or not) in the ERP waveforms when naming pictures in L2. Unrelated prime words in L1 generated greater negativities than did unrelated prime words in L2. This switch effect was particularly evident in the early negative-going component that peaked between 200 and 300 msec post target onset (see Figure 10 ). One possible interpretation of the switch effects seen in the present experiment is that the L1 prime word interferes with the active suppression of L1 lexical representations during picture naming in L2. No switch effects were seen in L1 picture naming, possibly because there is less need to suppress L2 lexical representations during picture naming in L1.
GENERAL DISCUSSION
To our knowledge, the present study is the first to combine masked priming and ERP recordings in the study of basic processes in picture naming. In two experiments testing a group of monolingual and a group of bilingual participants, we found significant influences of masked prime words on the ERPs generated during the first 700 msec of target picture processing, well before articulatory onset and free from articulation-induced artifacts. Indeed, average picture-naming latencies were well over 1 sec in the present study, hence allowing the recording of artifact-free EEGs during the key phases of the picture-naming process prior to articulation. From a purely methodological perspective, this study therefore demonstrates that artifactfree ERPs can be measured during picture naming (see also Christoffels et al., 2007; Verhoef et al., 2009 ) and, furthermore, that these ERPs can be modulated by a masked prime word shown briefly prior to picture onset. Experiment 1 used a simple repetition priming manipulation in which prime words could correspond either to the picture target's name or to the name of an unrelated picture. Primes were presented for 70 msec and were followed by a pattern mask for 50 msec, followed immediately by the picture target. Priming effects were evident in the ERP waveforms starting around 200 msec and continuing through to about 700 msec post target onset, with more negative-going waveforms following unrelated primes. The priming effects seen between 200 and 700 msec post target onset appeared to be separable into 200 msec and ending at 700 msec, well before there was any evidence for articulator artifact. The behavioral results showed significant priming from same-name primes, as in Experiment 1, as well as significant facilitation from translation primes. This result is in line with the semantic facilitation effect reported by in a similar masked-priming paradigm combined with picture naming.
Probably the most important result of Experiment 2 is the fact that L1 prime words significantly modulated ERPs to picture targets named in L2 (Experiment 2B). These cross-language priming effects were particularly robust in the 200-to 300-msec and 300-to 500-msec time windows, and the timing and scalp distribution of the effects were similar to the within-language (L1-L1) repetition priming effect. This result strongly suggests that phonological and/or articulatory representations are unlikely to be the source of the priming effects seen in these same time windows in Experiment 1. A picture name in L2 (e.g., camion) and its noncognate translation prime in L1 (e.g., truck) do not have more phonological overlap than do picture names and unrelated prime words. This therefore points to object representations and/or amodal semantic representations as being the source of these particular priming effects.
The priming effect in the 200-to 300-msec time window seen in the L1-L1 and L1-L2 conditions was not significant when pictures were named in L1 and primes were presented in L2 (L2-L1). This can be explained by the overall longer time required for L2 prime words to activate semantic representations, as compared with that required for L1 primes (e.g., Midgley et al., 2009) . Priming effects did emerge in the 300-to 500-msec time window in this condition, but they were still significantly smaller compared with the L1-L1 priming effect. More interesting, however, is the fact that there was no significant L2-L1 priming in the late 500-to 700-msec time window. Given that there was significant priming in the 300-to 500-msec window in this condition, this particular result suggests that the late priming effect is sensitive to whether or not the prime word is in the same language as the target-naming language. This result therefore points to word-specific phonological/articulatory representations as the basis of priming effects seen for within-language repetitions in the 500-to 700-msec time window. Further evidence for this was seen in the L1-L2 priming effect in this same time window, where related primes generated increased rather than decreased negativity in posterior sites. pear to be relatively late, as compared with estimates of the time course of phonological encoding from behavioral studies of picture naming, but this could be due to the relatively slow naming latencies in the present study, as well as to possible interference effects from the prime and masking stimuli that preceded picture targets. Experiment 2 also found evidence for switch effects in picture naming with masked prime words. The language of the prime word (in the unrelated prime condition) was found to affect ERPs generated during picture naming in L2, with greater negativities in the 200-to 300-msec time window when primes were in L1 (switch), as compared with when primes were in L2 (no switch). No such switch effect was seen when pictures were named in L1. A similar pattern of switch effects was reported by Jackson, Swainson, Cunnington, and Jackson (2001) in a digit-naming task. Digit naming in L2 generated a more negative-going frontal N2 component when the directly preceding trial involved digit naming in L1, as compared with when it involved digit naming in L2. Following these authors, we suggest that this pattern of results fits with the hypothesis that L2 language production entails active suppression of L1 lexical representations, whereas production in L1 does not necessitate the same degree of suppression of L2 lexical representations. This hypothesis is typically evoked to explain the asymmetrical nature of switch costs seen in bilingual language production, when the naming language changes unpredictably from trial to trial by use of a cue that indicates the language to be used. In these conditions, a switch from naming in L2 to naming in L1 generates a greater cost than do switches from L1 to L2 (Meuter & Allport, 1999) , except in highly proficient bilinguals (Costa & Santesteban, 2004) . We suggest that the presence of L1 prime words interferes in the process of suppressing L1 lexical activation during picture naming in L2, creating a conflict that is reflected in the ERP waveforms starting around 200 msec post target onset.
Furthermore, we very tentatively suggest that the unusual reversed priming effect seen in this same early component (200-300 msec) with L2 primes and L2 picture naming is due to a complex interaction between priming effects and the process of suppressing L1 lexical activation. The presence of L2 word primes should facilitate the process of L1 suppression, leading to the strongest inhibition of L1 lexical representations in these conditions. Any form of translation (implicit or explicit; see, e.g., Kroll & Stewart, 1994) of the L2 prime word into its L1 equivalent might therefore generate processing conflicts in these conditions, and the likelihood of translating a prime word could well depend on its relatedness to the picture target. In any case, this particular phenomenon clearly needs to be explored in future research.
What conclusions can be drawn from the results of Experiment 2, with respect to models of bilingual language comprehension and production? At a very general level of theorizing, the presence of cross-language priming effects in both the behavioral and the ERP data is in line with models that allow a certain amount of processing to occur in the nontarget language. In the specific case of language production, this means that producing words in a given lanthree distinct components peaking just after 200 msec, at around 400 msec, and at about 550 msec. This interpretation is supported by the significantly different distribution of priming effects across the three temporal epochs.
Experiment 2 was designed to test different possible loci of the priming effects found in Experiment 1. The different loci were described within generic interactive activation accounts of word recognition and picture naming and included structural representations of objects, amodal semantic representations, lexical phonology (lexemes), segmental phonology (phonemes), and articulatory output representations. This analysis was further simplified by regrouping the phonological and articulatory representations into a single word-specific component, leading to three principal sources of the priming effects: object-specific form representations, amodal semantic representations, and word-specific phonological/articulatory representations. These three potential sources of priming effects were tentatively linked to the three ERP components revealed by our priming manipulation in Experiment 1. Priming effects in the earliest component were hypothesized to reflect preactivation of object representations by prime words. Priming effects in the second component were hypothesized to reflect preactivation of amodal semantic representations by prime words. Priming effects in the third component were hypothesized to reflect preactivation of word-specific phonology by prime words.
Experiment 2 provided a preliminary test of this tentative linkage of ERP components and component processes in word recognition and picture naming. Experiment 2 tested bilingual participants who were asked to name picture targets in their L1 and L2, primed either by the picture name in the same language or its translate in the other language. Priming effects measured relative to unrelated prime words from the same language as the related prime showed early effects in the ERP waveforms once again when primes were in L1. Most important is that these early priming effects were highly robust when primes were translates of the picture name. These L1-L2 translation priming effects were also robust in the later component, which peaked at around 400 msec post target onset. These results point to structural representations of pictures and amodal semantic representations as being likely sources of the observed modulation of ERPs in these two time windows.
On the other hand, Experiment 2 provided some evidence that ERPs in the 500-to 700-msec time window were sensitive to whether or not the prime was from the same language as the target-naming language. There was no significant priming in this component with L2 primes and picture naming in L1, even though there were significant priming effects on the N400 in this condition. When primes were in L1 and pictures were named in L2, there was a reversal of the priming effect at posterior sites that was not seen in either the L1-L1 or L2-L2 priming conditions. These distinct patterns seen in the within-language (L1-L1, L2-L2) and between-language (L1-L2, L2-L1) conditions suggest that word-specific phonological representations could be the source of the priming effects seen in the late component. The timing of this effect may ap-guage does not involve a complete shutdown of processing associated with the other language (Costa, Caramazza, & Sebastian-Galles, 2000; Kroll, Bobb, & Wodniecka, 2006) . A general model that allows such cross-language permeability is the BIA model (Grainger & Dijkstra, 1992; van Heuven, Dijkstra, & Grainger, 1998) and its successor, the BIA1 model (Dijkstra & van Heuven, 2002) . These models posit that L2 words gain access to semantics in much the same way as L1 words do, but that they require more time, given the overall lower exposure to L2 words, as compared with that to L1 words, in unbalanced bilinguals. It is the slower processing of L2 primes that can account for why these primes did not affect picture naming in L1 in the 200-to 300-msec time window in the present study. Applied to the question of bilingual language production, the BIA model would allow phonological forms from both languages to be coactivated to a certain extent, with interference being controlled by the active suppression of nontarget-language representations. This would occur via top-down inhibition from language nodes to word-form representations in the original BIA model, or via more general executive control mechanisms, as proposed by Green (1998; see also Hernandez & Meschyan, 2006) .
Finally, the behavioral facilitation found with noncognate translation primes in Experiment 2 is in line with the pattern found by with semantically related primes. According to Finkbeiner and Caramazza, this is evidence against competitive interactions between phonological word forms during selection for production. However, in the case of translation primes, as in the present study, this finding could also be interpreted in terms of global inhibition of phonological word forms in the language of the prime stimuli, which would effectively cancel any influence of such representations during lexical selection. In this case, semantic influences could emerge in the absence of an influence of phonological word forms. A similar interpretation can be offered for the results of Costa, Miozzo, and Caramazza (1999) , who failed to find semantic interference from translation equivalents in the picture-word interference paradigm.
Conclusions
The present study examined the feasibility of combining an immediate naming procedure with masked priming and electrophysiological recordings as a means for probing the time course of component processes in picture naming. The ERP signal generated during picture naming was found to be sensitive to the relationship between the picture name and a masked prime word briefly presented prior to the appearance of picture targets. Different patterns of priming effects were found to be functions of time from picture onset and whether or not primes and targets were in participants' first or second language, thus revealing the sensitivity of the technique and its potential for future research.
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